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I. INTRODUCTION
The interactions of closed-shell alkali-metal cations with closed-shell neutral rare gas atoms have received a very large amount of attention over the years. These are prototypical systems because of the absence of complications that arise in open-shell systems. Of course, the accuracy of ab initio methods has improved tremendously in the years since the first comparisons between derived potentials obtained from ion beam studies 1, 2 and initial ion mobility studies. 3, 4 It was the lighter K ϩ •Rg ͑Rgϭrare gas͒ systems that were employed in the first such comparisons; 1, 3 we tackle these systems again, but extend the study to the complete set of six K ϩ •Rg systems ͑RgϭHe-Rn͒. The work follows from our previous studies of the six Li ϩ •Rg ͑Ref. 5͒ and six Na ϩ •Rg ͑Ref. 6͒ systems, where we showed that our potentials were either comparable to or of a better quality than those previously available. We were also able to analyze critically previous experimental results and draw conclusions as to the reliability of those data. We are in the process of completing a study of the heavier species: Rb •Rg, and those results will be published in due course.
In the present paper, we report high-quality CCSD͑T͒ potential energy curves, using basis sets of quadruple-and quintuple-quality. All-electron basis sets are employed for the lighter Rg atoms, He-Ar, while ͑relativistic͒ effectivecore potentials ͑ECPs͒ are employed for the heavier species, Kr-Rn. For K ϩ , both all-electron and potentials based upon ECPs are employed-these are described below.
We note that Bellert and Breckenridge 7 have recently provided a thorough survey of the information available on the interactions that occur between metal atomic cations and rare gas atoms.
II. THEORETICAL DETAILS

A. Ab initio calculations
CCSD͑T͒ calculations were employed to calculate interatomic potentials over a wide range of separations, as demanded by the transport property calculations ͑vide infra͒. The basis sets employed for the Rg atoms were essentially those used in our previous study on the Na ϩ •Rg species. 6 For He-Ar, the standard aug-cc-pVQZ ͑denoted aVQZ hereafter͒ and aug-cc-pV5Z ͑denoted aV5Z hereafter͒ basis sets were employed. For He, we also employed the doubleaugmented version of the quintuple-basis set ͑d-aug-ccpV5Z, denoted d-aV5Z hereafter͒, since double augmentation can help to describe the hyperpolarizability more accurately.
For Kr, Xe, and Rn, the basis sets may be represented by ECP28MWB͓8s7p5d3 f 2g͔, ECP46MWB͓6s6 p4d3 f 2g͔, ECP78MWB͓10s9 p7d4 f 2g͔, respectively. In each case, the number of core electrons is represented by the number, the M generally indicates that the neutral atom is used in the derivation of the ECP, WB implies the use of the quasirelativistic approach described by Wood and Boring, 9 and the contracted valence basis set is indicated in brackets. The Kr and Xe basis sets are detailed in Ref. 5 , the Rn basis set is detailed in Refs. 10 and 11.
For potassium, two basis sets were employed. The first was the ͓10s9 p6d4 f 2g͔ all-electron basis set used in Ref. 12 ͑where it was called AE-B͒. It is a (23s19p6d4 f 2g)/ ͓10s9 p6d4 f 2g͔ contraction of the Feller Misc. CVQZ basis set from Gaussian Basis Order Form. 13 For simplicity of presentation, ''aVQZ'' will be used to describe the use of this K ϩ basis set with the corresponding Rg basis set, i.e., the standard aug-cc-pVQZ basis sets for He-Ar and the ECP basis sets for Kr-Rn.
The second basis set employed for potassium was the ECP-2 basis set described in full in Ref. 14. It comprises the ECP10MWB ͑Ref. 15͒ ECP, which describes the 1s -2p electrons augmented with a large, flexible valence basis set ͑note that for K ϩ the valence electrons are the 3s and 3p), which may be summarized as (29s23p5d4 f 3g)/ ͓10s9 p5d4 f 3g͔. This basis set was used in conjunction with standard aug-cc-pV5Z basis sets for He-Ar, but omitting the h functions, and additionally with the d-aug-ccpV5Z basis set for He. For simplicity of presentation, ''aV5Z'' will be used to describe the use of this K ϩ basis set with the aug-cc-pV5Z ͑no h͒ basis set for the corresponding Rg atom; with d-aV5Z being used when the d-aug-cc-pV5Z basis set was employed for He.
Energies were determined at a range of intermolecular separations, R, covering the short-as well as long-range regions. The ranges of R used were selected based upon the position of the minimum and upon the demands of the transport property calculations. Basis set superposition error ͑BSSE͒ was accounted for by employing the full counterpoise correction of Boys and Bernardi 16 in a point-by-point manner. All energy calculations were performed employing MOLPRO. 17 The frozen core approximation was used when the all-electron basis set was employed for K ϩ , with the potassium 1s, 2s, and 2p orbitals frozen. The frozen core approximation obviously affects the calculated total energy, but we showed in Ref. 18 that the freezing of the core orbitals had a negligible effect on the calculated dissociation energy and equilibrium bond length for this type of species.
B. Spectroscopy and interaction parameters
From the interaction potential energy functions, the equilibrium interatomic separations and the dissociation energies were obtained. Le Roy's LEVEL program 19 was used to calculate rovibrational energy levels, and the e and e x e parameters were then determined from the calculated energy levels by straightforward means.
The rotational energy levels for each vibrational level were fitted to the expression,
although the H v term was not always statistically meaningful, and so only B v and D v are reported herein.
C. Transport coefficients
Starting from the interaction potentials, transport cross sections were calculated using the program QVALUES, 20, 21 and these cross sections were then used in the program GRAMCHAR ͑Ref. 22͒ to determine the ion mobility and the other gaseous ion transport coefficients as functions of E/N ͑the ratio of the electric field strength to the gas number density͒ at particular gas temperatures. The mobilities are generally precise within 0.1%, which means that the numerical procedures within programs QVALUES and GRAMCHAR have converged within 0.1% for the given ion-neutral interaction potential. However, at some intermediate E/N values convergence is sometimes only within a few tenths of a percent and a slight ''wobble'' is observed in the computed values for the heavier rare gases. The diffusion coefficients are generally precise within 1%, with the exception of intermediate E/N values where convergence is only within 3%.
III. RESULTS
A. Potential energy curves and spectroscopic constants
Our ion-neutral interaction potential energies are given in Table I . For a closed-shell atom interacting with a singlecharged ion at long range,
Ignoring the higher order terms, Ahlrichs et al. 23 ͑among others͒ have noted that D 4 and D 6 are related to the other parameters by
where ␣ 1 is the static dipolar polarizability ͑or simply static polarizability͒, ␣ 2 is the static quadrupolar polarizability of the rare gas atom, and C 6 is a dispersion coefficient. As a consequence of Eq. ͑2͒, least-squares fitting of the calculated potentials at large R allows values for the parameters D 4 and D 6 to be derived, with the possibility of incorporating ''universal damping functions'' in the fit ͑see e.g., Ref. 23͒. However, it has been noted by Ahmadi et al. 24 that this can lead to significant error in the fitted potential, so, as in Ref. 6 , we refrain from such fits in the present work. We confirmed that the potentials at very large R have the expected ϪD 4 /R 4 dependence, and that the value of D 4 was consistent with well-established values for the polarizabilities of He-Ar, and with the values for Kr-Rn calculated by ourselves 8 and others.
K ¿ "He
Although there has been some earlier theoretical work, we concentrate here on the most recent studies. The first curves we consider are those of Koutselos •Ar. Energies are given with respect to the relevant dissociation limit. the conclusion that the binding energy was not in error by more than 0.4%. In a follow-up paper, 28 that potential was modified in order to fit mobility measurements better. It was concluded that, over the range of the potential tested by the mobility measurements, unexplained discrepancies of ϳ1% still existed between experiment and theory. Finally, Skullerud, Løvaas, and Tsurugida 29 constructed a model potential with adjustable parameters, based on well-known analytic forms 23 of the short and long-range regions of M ϩ •Rg potentials; by fitting to the previous ab initio values of Ref. 28 . The most accurate potential of these has been concluded 29 to be the modified version of the EGF potential. 28 We calculated potential energy curves over a wide range of R for the three sets of basis sets: aVQZ, aV5Z, and d-aV5Z. From these curves, we calculated rovibrational energy levels, and used these to extract spectroscopic constants. The values are shown in Table II , and the potential energy curve is shown in Fig. 1 . As may be seen from Table II , there is, on the whole, reasonable agreement between the three basis sets, with the difference between aV5Z and d-aV5Z being extremely small. There is a significant difference both in D e and e on going from aVQZ to aV5Z, suggesting that the shape of the curve changes between these two basis sets; the changes between the aV5Z and d-aV5Z levels of theory are very much smaller. Our best values for D e and R e are 185.4 cm Ϫ1 and 2.825 Å. In Table III , we present the whole set of bound rovibrational levels obtained from our potential. Note that we obtain 53 bound rovibrational levels, whereas the SAPT potential of Moszynski 26 only led to 36: this is likely a consequence of an incomplete description of electron correlation effects in that work, leading to a shallower potential and fewer bound levels. As noted above, comparison with mobility data in Refs. 28 and 29 has led to the conclusion that the mobilitymodified potential of Ref. 28 is very accurate, and so we compare to that potential also. Plots of that potential and our CCSD͑T͒/d-aug-cc-pV5Z one lead to the conclusion that these are, indeed, very similar, with only very small differences observable by eye. The modified EFG potential given in Ref. 28 leads to values of D e ϭ185.5 cm Ϫ1 , and R e ϭ2.83 Å-both in very good agreement with the values obtained herein.
Vibrational energy levels and rotational constants are given in Table IV for the lowest few levels. Our best value for e is 100.4 cm Ϫ1 , which compares favorably with the value of 101.4 cm Ϫ1 obtained from the mobility-modified potential. The value of 94.4 cm Ϫ1 from the SAPT potential 26 is not in such good agreement. We conclude that, on the basis of the spectroscopic constants, there is little difference between the mobilitymodified potential of Ref. 28 , and the best potential obtained herein-we shall compare these potentials further when considering the calculated transport constants below.
K ¿ "Ne
There has not been much work performed on K ϩ •Ne. Ahlrichs et al. 23 derived a model potential for the system, and this was modified in the later work by Skullerud et al., 29 where two adjustable parameters were used to fit the potential to mobility data-this is denoted the SLT potential hereafter. In addition, KMV ͑Ref. 25͒ also derived a model potential based upon a universal scaling procedure, again fitting to available mobility data. The two mobility-fitted potential energy curves 25, 29 give good agreement with each other, with Ref. 25 . Again, in the present work, a wide range of R was used to calculate the potential for this species using both the aVQZ and aV5Z basis sets, and LEVEL employed to obtain spectroscopic constants. The curve is shown in Fig. 1 . As may be seen from Table II , reasonable agreement is obtained between the CCSD͑T͒/aVQZ and CCSD͑T͒/aV5Z calculations, with the larger basis set giving R e ϭ2.92 Å and D e ϭ312 cm Ϫ1 . These values are in good agreement with the potential energy curves obtained from fits to mobility data. 25, 29 Vibrational energy levels and rotational constants are given in Table IV for the lowest few levels.
K ¿ "Ar
Ahlrichs et al. 23 used a model potential to describe the K ϩ /Ar system. This potential was modified by Skullerud and co-workers 29 with parameters fitted to mobility data; they obtained a potential with R e ϭ3. 13 •Ne, presumably since the potential was too shallow. The results from the present work are given in Table II , with the potential curve being presented in Fig. 1 . As may be seen, the difference between the results using the CCSD͑T͒/ aVQZ and the CCSD͑T͒/aV5Z levels of theory is relatively small. Our best values are D e ϭ856.8 cm Ϫ1 and R e ϭ3.215 Å. The dissociation energy is similar to that obtained in the mobility studies, 25, 29 but is far removed from the MCPF value 30 ͑see Vibrational energy levels and rotational constants are given in Table IV for the lowest few levels.
K ¿ "Kr
For this species, there are only two sources of potentials to the authors' knowledge. The first is Ref. 25 where potentials are reported, which ͑as noted above͒ were obtained by fitting to available mobility data. The second, more recent, one is that of Skullerud and co-workers, 29 who again used a model potential with parameters fitted to further mobility data. For K and R e ϭ3.56 Å obtained herein, but both appear to be a little deeper and more strongly bound than the present potentials, which are shown in Fig. 1 . Again, the molecular beam studies yield a potential which seem to be too shallow, with D e ϭ1210 cm Ϫ1 and R e ϭ4.00 Å. We also note the study of Freitag et al. 32 Vibrational energy levels and rotational constants are given in Table IV for the lowest few levels.
K ¿ "Rn
There have been no previous studies on the K ϩ •Rn systems, and so the spectroscopic values presented in Tables II  and IV constitute the only ones available; the potential energy curve is given in Fig. 1 . Our values are: D e ϭ1570 cm Ϫ1 , R e ϭ3.64 Å, and e ϭ71 cm Ϫ1 .
Rovibrational data for the K ¿ "Rg species
In Table IV are given the energies of the lowest few pure vibrational levels, and it is from these levels that the e and e x e values in Table II are derived. One can see from Table  II that the vibrational energies do not follow a monotonic trend with increasing molar mass: this may be understood by noting that there are two counteracting factors that are affecting the frequencies. First, as the mass of Rg increases, then the vibrational frequency would be expected to fall, all things being equal; but secondly, as Rg increases in size it becomes more polarizable, and so the interaction energy is expected to increase ͑as observed͒, which is expected to increase the frequency. These two effects are in competition and lead to the observed oscillation in the frequency. It is also seen that the anharmonicity of the vibration decreases as Rg increases in size: this is to be expected as the well-depth increases.
B. Transport properties
There have been many studies of the transport of K ϩ in rare gases, with all gases having been studied except radon. For helium and argon in particular, the number of studies is quite large, covering a variety of transport coefficients over wide ranges of E/N, and at a variety of temperatures. For this reason, and as was the case for Li ϩ and Na ϩ ͑Refs. 5 and 6͒ we have placed the results in the gaseous ion transport database at Chatham College. 33 The differences between the measured and calculated transport coefficients are compared using statistical quantities, ␦ and , which take into account the estimated errors in each quantity. 22 In order to compare the data informatively, Tables V-IX we present a statistical comparison of the calculated data with the experimental ones. See EPAPS Document No. E-JCPSA6-120-310421 for fuller versions of these tables that consider a much broader range of data. In the following we simply refer to a particular table, but the full information may only be available in the EPAPS extended version. 34 To give the reader some idea of the performance of these potentials, we also present comparison of the calculated K 0 values in Fig. 2 , together with a selected set of experimental data, for each of the species ͑except K ϩ •Rn, for which no experiments have yet been reported͒. We summarize our conclusions in the following subsections. 
K ¿ in He
The experimental data has been reported in Refs. 28, 35-42, and our calculations are compared to those studies in Table V . The experimental studies cover a very wide range of temperature and E/N, providing a good set of data to which to compare the potential energy curves.
For all of the potentials, the D Ќ /K data from Ref. 41 give ␦ values greater than 1 at low E/N, between Ϫ1 and ϩ1
at intermediate E/N, and below Ϫ1 at high E/N. We conclude that these experimental data are significantly too high at low E/N, about right between 30 and 150 Td, and significantly too low at high E/N. In part, this conclusion comes from the high accuracy ͑2%͒ claimed for these data, but primarily it points to a systematic error of unknown origin in the experiments.
With the possible exception of the KMV potential, 25 none of the potentials match the diffusion data from Ref. 39 above 20 Td. This is consistent with recent experimental results for other atomic ion-atom systems 43 that indicate that the Georgia Tech data at high E/N suffer from a flawed method for extracting transport coefficients from the raw arrival time data. The flaw in the data analysis has a more serious impact on diffusion than on mobility, and so it is logical that disagreement begins at smaller E/N for the D ʈ data.
The 80 K data from Ref. 42 shows considerable scatter, as evinced by large values of , and they are poorly described by every potential studied, as indicated by ␦ values substantially below Ϫ1, probably indicating that these values are not too reliable.
It was stated in 1991 ͑Ref. 41͒ that ''none of the available potentials is completely correct.'' The only potential included here that was subject to this statement is the KMV one. 25 Indeed, this potential describes well the mobility data 28 , which are not only the most recent data but also have the highest claimed accuracy. Given that the aVQZ potential is not sufficient to describe the mobility data, it suggests that the demands on basis set for these rather simple systems is quite stringent. It appears a quintuple-basis set is requiredlikely due to the weak nature of this interaction, caused by the low polarizability of the He atom.
In summary, the potential from Ref. 28 and the present CCSD͑T͒/aV5Z and CCSD͑T͒/d-aV5Z potentials are the best available for this system. Only the present potentials are ab initio potentials. Although most of the experimental data does not distinguish between these two potentials, the recent data from Ref. 28 is matched marginally better by the CCSD͑T͒/d-aV5Z potential. Hence, this ab initio potential appears to be the best potential available for this system, but the differences between it, the CCSD͑T͒/aV5Z one, and that of Ref. 28 are very small.
K ¿ in Ne
The experimental work on K ϩ in Ne has been published in Refs. 29, 35-39. Again, the experimental studies cover a very wide range of temperatures and E/N, providing a good set of data to which to compare the potential energy curves. The comparison between the calculated transport data and the experimental is presented in Table VI .
All of the potentials match the available data except for the diffusion data 39 at high E/N from the Georgia Tech group. Again, this is consistent with a flawed method for extracting transport coefficients ͑see discussion above for K ϩ •He). The present ab initio potentials are at least as good, and are perhaps slightly better, at matching the data than are the two model potentials from Refs. 25 and 29, although this is not conclusive. The SLT model potential 29 does the best job of fitting the data reported in the same paper, but that is natural since the potential parameters were fitted to that data. The fit of the present potentials to these recent data is acceptable. It is not conclusive whether the aVQZ or the aV5Z potentials of the present work perform better at describing the transport data or not; with each potential fitting some data better than the other. This inconclusiveness is due to the closeness of the two potentials.
K ¿ in Ar
The experimental work on K ϩ in Ar has been published in Refs. 35-37, 41, 44 -48. Again, a fairly wide range of E/N and temperatures has been covered. Comparison of the calculated data with the experimental is given in Table VII , from which we make the following comments.
In 1991, Hogan and Ong 49 concluded that the KMV potential 25 was the best one available at that time, in the sense that it did the best job of matching the experimental transport data. However, this potential is in significant or nearly significant disagreement with all of the data except that from Ref. 36 , which was the data used to determine the parameter values for that model potential. We conclude that the mobility data from Ref. 36 is inaccurate and that the KMV potential for this system should no longer be considered reliable. The SLT model potential 29 and the aVQZ and aV5Z potentials from the present work do not agree well with the experimental mobilities from Ref. 35 , whether at 29 or the two current potentials, probably partly because the temperature varied substantially during the experiments, as noted therein.
The SLT model potential 29 reproduces the mobility data from Ref. 47 with good precision at all E/N, much better than any other potential. The agreement is particularly striking at low E/N. However, the parallel diffusion data from the same work is not well described by any of the potentials, suggesting that it is too high by more than the 5% accuracy claimed. It is also the case that the mobility data from Ref. 42 is not well represented by the SLT model potential 29 or the two current potentials.
The SLT model potentials 29 and the present aVQZ and aV5Z potentials represent the D Ќ /K data from Ref. 48 quite well, which attests to their reliability since the accuracy claimed for these data is very good ͑3%͒.
An overall assessment of these results, particularly the comparison with the results from Refs. 36 and 48, suggests that the SLT model potential 29 and the present aVQZ potential are of approximately equal reliability and that the available experimental data do not clearly indicate which of the two potentials is likely to be closer to the true interaction potential for the K ϩ •Ar system. Interestingly, the preponderance of the data suggest that the aV5Z potential is in slightly poorer agreement with the experimental data than is the aVQZ one-this is surprising since the larger basis set would be expected to be more reliable. Possible interpretations are that the aVQZ potential benefits from a cancellation of errors, or that the experimental data are not as accurate as claimed so that the statistics are leading to an incorrect conclusion. Only further experimental work will unravel this question.
K ¿ in Kr
The experimental data has been reported in Refs. 29, 41, 50, and 51. ͑Note that the data in Ref. 41 have been adjusted to 298 K.͒ The statistics describing the comparison between the calculated data and the experimental is given in Table  VIII . From these statistics it can be concluded that the KMV potential 25 only fits the mobility data from Ref. 51 , i.e., the data from which the fitted parameters were derived. Given that this potential does not fit the diffusion data in Ref. 51 , which was obtained by the same group, then the KMV potential 25 must be considered unreliable. The SLT model potential 29 and the present potential describe the complete set of experimental data with about the same reliability, although the SLT potential describes the mobility and diffusion data from the Georgia Tech group slightly better. Given the comments in the previous paragraph, it is likely that at least the diffusion data are actually of a lower accuracy than was claimed.
The present potential fits both sets of D Ќ /K data better than does the SLT model potential. Overall, there is an indication that the present potential is slightly more accurate than is the SLT one; however it is not conclusive.
K ¿ in Xe
The experimental data has been reported in Refs. 29, 50, and 51, and the statistics describing the comparison between the calculated data and the experimental is given in Table IX . The KMV potential 25 is found not to fit any of the experimental data very well; interestingly, not even the data from which the fitted parameters were obtained. 50 The SLT model potential and the present ab initio potential both fit the available data with about the same reliability, suggesting that both of these potentials are about as accurate as each other in describing the K ϩ •Xe interaction.
K ¿ in Rn
Since there is no experimental data, nor any previous theoretical work, then no comparison for this system can be made. An example of the calculated data is, however, presented in Fig. 2 .
IV. CONCLUSIONS
Both the calculated spectroscopic data and transport data point to the present ab initio potentials being extremely accurate. It is important to note that the potentials calculated here, the spectroscopic parameters and the transport data are all ab initio and consequently have no adjustable parameters anywhere. The excellent agreement with the model potentials of Skullerud et al., 29 which were based on a simple model potential with parameters fitted to accurate mobility data, and the present potentials indicate that truly reliable potentials are available for the K ϩ •He-K ϩ •Rn species. Interestingly, there was not always a clear indication that the aV5Z basis set was performing better than the smaller aVQZ ones for K ϩ •He-K ϩ •Ar; indeed, sometimes the indications were that the performance was the opposite to expectations. The only reasonable conclusion to draw from this is that this is an artifact caused by the statistical analysis, which builds in the accuracy of the experimental data. Although it might be argued that better experiments might be able to spread some light on this matter, many of the experiments are already extremely accurate. We do note that we have used a combination of all-electron and ECP-based basis sets, and that consequently, there is some inconsistency in the treatment of core-correlation effects and the inclusion of relativistic effects; however, the large valence basis sets used in all cases ought to be able to describe the interactions here adequately.
We were also able, based on the large body of data available and a statistical analysis, to make conclusions as to the reliability of the different sets of diffusion and mobility data, and also to make similar comments regarding potentials.
In conclusion, in this work we have calculated very accurate ab initio potentials for the set of six K ϩ •Rg species, and have shown that these are able to reproduce even very accurate transport data. 
